In developing countries, one of the vital steps involved in analysing the capacity of any transportation facility is the estimation of passenger car equivalents (PCEs) for different types of vehicles to convert the heterogeneous traffic stream into an equivalent stream of passenger cars. This study proposes occupancy time method for the estimation of PCEs for different types of vehicles generally observed at unsignalized intersections in India. PCEs for vehicles executing different movements at unsignalized intersections have been estimated in this study and the dynamic nature of PCEs has also been explored. However, PCEs were found to be statistically similar across different movements and across intersections of different geometry.
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TRAFFIC in developing countries is characterized by the presence of a wide variety of motorized and nonmotorized vehicles that share the same road space. Differences among vehicular traffic exist not only in their physical dimensions, but also in their operational characteristics and hence the performance of a vehicular category within a transportation facility will also depend on the proportions of other types of vehicles constituting the traffic stream. In order to evaluate the performance of a facility operating under heterogeneous traffic conditions, it is essential to convert the traffic stream in terms of a single vehicle type. This is achieved by the use of multiplicative factors termed as passenger car equivalents (PCEs) or passenger car units (PCUs).
The term PCE was first introduced in the 1965 edition of the Highway Capacity Manual (HCM) 1 , to account for the effect of trucks and buses in the traffic stream on the basis of relative speed reduction. Prior to this, an equivalency factor of 2 was used for heavy vehicles on multilane highways in level terrain 2 . HCM 1 defined PCE as the number of passenger cars displaced from the traffic stream by a truck or a bus under the prevailing roadway and traffic conditions. An alternate definition was given by the UK Transport and Road Research Laboratory (TRRL) 3 as the number of cars of average size which when added to a traffic stream reduces the average speed of the remaining vehicles by the same amount as resulted from adding a single truck under prevailing traffic conditions. The latest edition of HCM 4 defined PCE as the number of passenger cars that will result in the same operational conditions as a single heavy vehicle of a particular type under specified roadway, traffic and control conditions.
Over the years, researchers used different measures to estimate PCE on various roadway facilities. They emphasized the need of utilizing the same parameters that are used in defining the level of service of the facility, as the basis of equivalence 5 . Some of these parameters include speed [6] [7] [8] , density 5, 9 , headway 10, 11 , delay 12 , queue discharge flow 13 , area occupancy 14 , platoon formation 7 , etc. As an alternative to PCE, researchers have also developed equivalent factors in terms of motorcycles 15, 16 . A previous study by the present authors compared three approaches for establishing PCE factors at unsignalized intersections in India 17 . It was found that the approach based on occupancy time is simpler for field application and suitable to all types of traffic conditions in comparison to other methods based on potential capacity and queue clearance rate.
Analysis of unsignalized intersections is often based on the assumption that major street traffic passes through the intersections unhindered. However, an earlier study found that the priority rules are not observed at intersections in India and even the major street traffic is forced to slow down by the minor street vehicles as they approach an intersection 18 . Hence it would be erroneous to use PCE values obtained at mid-block sections for removing the heterogeneity of the major street through traffic at unsignalized intersections. Therefore, in order to find the capacity of various movements at unsignalized intersections, it is essential to correctly estimate the PCE factors for different types of vehicles at these intersections. PCE values for unsignalized intersections currently used in India are given in IRC:SP 41-1994 (ref. 19) , which is now more than 20 years old. A lot of improvement has occurred in the automobile industry over the years and hence using these values is not recommended. The present study estimates the values of PCE at unsignalized intersections for the present traffic scenario in India on the basis of the time that a particular vehicle type incurs in clearing the conflict area of the intersection.
Data were collected from unsignalized intersections located in different parts of India. These intersections were located in rural and semi-urban areas and were free from the effect of bus stops and pedestrians. Approaches to the intersections were free from speed-breakers, gradients and intersected one another at right angles. Table 1 provides geometric details of the intersections selected for this study. The first letter of the adopted nomenclature represents the intersection geometry (F, four-legged and T, three-legged); the first and second numerals respectively, represent the number of lanes on the major and minor streets (2, two-lane and 4, four-lane) and the last numeral represents the intersection number within a particular category (i.e. three-legged or fourlegged). For example, F-42-2 is the second intersection having four legs constituted by a four-lane major street and a two-lane minor street. Data were collected through video-recording with the camera placed at a vantage point so as to cover the entire conflict area of the intersection. Conflict area refers to the region within the intersection where two or more traffic streams interact and compete for right of way. Figure 1 shows the conflict area for different movements at an intersection having four-lane divided major street. Occupancy time is measured as the time elapsed between the arrival of a vehicle at one end of its conflict area and its complete exit from the other end of the conflict area. Table 2 gives dimensions of different types of vehicles commonly found at intersections in India.
Occupancy time specifies the total time that a vehicle incurs in clearing the conflict area of the intersection. This will be the function of driver behaviour, intersection geometry, subject vehicle type, opposing traffic and the manner in which the conflict area is cleared. Thus, the occupancy time of a vehicle heavily relies upon the length and operational performance of the vehicle. A motorized two-wheeler is expected to have lesser occupancy time compared to a heavy vehicle. Therefore, occupancy time of a vehicle is a good measure of its impedance to traffic within the same stream as well as in the conflicting streams and hence it is used for estimating the PCE factors in this study.
Occupancy time data of two-wheelers and standard cars at intersections T-44-2 and F-42-2 were extracted from the videos. These datasets indicated a log-normal distribution with the parameters as given in Table 3 . The distribution was validated through KS test. The variation in the occupancy times at an intersection could be mainly attributed to the difference in driver behaviour while clearing the intersection. While lower values of occupancy times to a large extent represent aggressive drivers, higher occupancy times are indicative of cautious drivers. Hence, the mean occupancy time was selected for estimating PCE at intersections as it would represent a balanced state between aggressive and cautious drivers.
The absence of lane discipline is quite common to traffic operations under heterogeneous traffic conditions. Vehicles move abreast within the same lane, even while clearing the intersection. Hence, the effect of vehicle Table 4 gives the estimated PCE values for major street vehicles travelling straight through different intersections. Similarly, PCE values for other movements at the intersections were established. Two-wheelers, owing to their smaller size and better operational performance, were able to clear the conflict area of the intersection quickly and hence had the least PCE value. While large-sized vehicles like trucks and buses had larger PCE value, which is the result of their larger size and inferior operational characteristics.
We examined the variation in PCE estimates of different types of vehicles among unsignalized intersections of similar and different geometry, and among different movements. PCE values were estimated for each 15 min duration of observation period and two-tailed t-test was used for comparing the mean PCE value of each type at 95% confidence level. According to the null hypothesis, there is no significant difference among means of PCE values for a vehicle category. According to the alternate hypothesis, the mean PCE values for a vehicle type executing different movements and at different intersections varied significantly. Intersection T-44-2 was used as the base for comparison as it had good sample size for individual vehicle categories executing different movements.
PCE values for different types of vehicles at one intersection were checked for their applicability to intersections of similar geometry. T-Test for difference among PCE values at a three-legged and four-legged intersection were then compared. Table 6 provides the results of the above comparison. This analysis found the PCE values to be statistically similar for intersections T-44-2 and F-42-2. However, all the previous analyses were carried out at intersections having the same major street . In order to check the influence of major street configuration on PCE values, t-test was again carried out between PCE values at intersections T-44-2, T-22-1 and F-22-1. As given in Table 7 , there is no statistical difference among the mean PCE values at intersections having different major street configurations. The final step in ensuring that PCE values at uncontrolled intersections are static in nature is to compare the mean PCE values among different movements. Table 8 provides the results of t-test that compared the mean PCE values for different movements at intersection F-42-2. It is clear that except for two-wheelers on major street that travelled straight through the intersection, PCE values for all other vehicle types are statistically similar. This further provides evidence for the static nature of PCE.
The above analysis indicated that apart from twowheelers travelling straight through the intersection, there were no statistical differences between the PCE values across intersections of different geometry and across different movements. Hence PCE values at unsignalized intersections in India are static in nature, and the final PCE values were obtained by taking the overall average of PCE values for different movements at selected intersections estimated through occupancy time method. PCE values of two-wheelers travelling straight through the intersection were considered separately. PCE values of vehicle types which were present in smaller numbers were also obtained in a similar manner; however, due to the smaller sample size, these were not used in the comparison. Table 9 shows the final PCE values for different types of vehicles applicable to unsignalized intersections in India.
This study has established the static nature of PCEs, which is different from majority of the studies which found PCEs to be dynamic in nature. However, it is worth noting that these studies were conducted on mid-block sections where there were large differences among the speeds of different vehicles. Since the vehicles are forced to slow down as they approach an intersection, their speeds becomes similar and thus their size prominently contribute towards PCEs which will result in fixed values of PCE at unsignalized intersections as derived in this study.
Although the determination of PCEs is a vital step in the analysis of unsignalized intersections in heterogeneous traffic conditions, not much research has been conducted in the past on this topic. Most of the studies on PCEs is limited to uninterrupted flow facilities and signalized intersection. The only available guideline for PCEs at unsignalized intersections in India is the IRC SP-41 (ref. 19) , which is outdated in the present traffic scenario. This study uses occupancy time as the criterion for arriving at PCE values, as it explains the relative influence of a vehicle on the traffic stream while clearing the intersection. PCE values, thus obtained, were then checked for variations across movements and also across intersections of different geometry. The study established that PCE values for vehicles at intersections were static in nature and generalized PCE values applicable for Indian intersections have been developed in this study, which could be used by researchers and field engineers in ascertaining the capacity of the intersections. In short, the present study demonstrates the application of occupancy time method to arrive at generalized PCE values at unsignalized intersections in India.
Estimating PCEs is one of the most common steps in analysing any transportation facility in heterogeneous traffic conditions. Peculiar characteristics of traffic operations at unsignalized intersections emphasize the need for separate PCE factors at such facilities. Currently, PCEs at unsignalized intersections in India are taken from old manual, and it becomes essential to have PCE values that are relevant to the present traffic scenario in the country.
This study uses a method based on the time that a vehicle incurs in clearing the intersection area and its width in relation to standard passenger cars. The variation in PCE values at unsignalized intersections of different geometry and executing different movements was explored for statistically significant differences. However, apart from two-wheelers moving straight through the intersection, PCE values for different vehicles were statistically similar and hence the study found PCE values at unsignalized intersections to be static in nature.
The standard-type unsignalized intersections (rightangled and free from speed breakers and gradients) only are considered in the present study. Skewed intersections or those with approach having gradients or speedbreakers are not considered because of their low population. However, these conditions will definitely influence the occupancy time and hence will result in a different set of PCE values. This will be considered in future research.
